Gold-iron oxide composites were obtained by in situ reduction of an Au(III) precursor by an organic reductant (either potassium citrate or tiopronin) in a dispersion of preformed iron oxide ultrasmall magnetic (USM) nanoparticles. X-ray diffraction, transmission electron microscopy, chemical analysis and mid-infrared spectroscopy show the successful deposition of gold domains on the preformed magnetic nanoparticles, and the occurrence of either citrate or tiopronin as surface coating. The potential of the USM@Au nanoheterostructures as heat mediators for therapy through magnetic fluid hyperthermia was determined by calorimetric measurements under sample irradiation by an alternating magnetic field with intensity and frequency within the safe values for biomedical use. The USM@Au composites showed to be active heat mediators for magnetic fluid hyperthermia, leading to a rapid increase in temperature under exposure to an alternating magnetic field even under the very mild experimental conditions adopted, and their potential was assessed by determining their specific absorption rate (SAR) and compared with the pure iron oxide nanoparticles. Calorimetric investigation of the synthesized nanostructures enabled us to point out the effect of different experimental conditions on the SAR value, which is to date the parameter used for the assessment of the hyperthermic efficiency.
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Gold-iron oxide composites were obtained by in situ reduction of an Au(III) precursor by an organic reductant (either potassium citrate or tiopronin) in a dispersion of preformed iron oxide ultrasmall magnetic (USM) nanoparticles. X-ray diffraction, transmission electron microscopy, chemical analysis and mid-infrared spectroscopy show the successful deposition of gold domains on the preformed magnetic nanoparticles, and the occurrence of either citrate or tiopronin as surface coating. The potential of the USM@Au nanoheterostructures as heat mediators for therapy through magnetic fluid hyperthermia was determined by calorimetric measurements under sample irradiation by an alternating magnetic field with intensity and frequency within the safe values for biomedical use. The USM@Au composites showed to be active heat mediators for magnetic fluid hyperthermia, leading to a rapid increase in temperature under exposure to an alternating magnetic field even under the very mild experimental conditions adopted, and their potential was assessed by determining their specific absorption rate (SAR) and compared with the pure iron oxide nanoparticles. Calorimetric investigation of the synthesized nanostructures enabled us to point out the effect of different experimental conditions on the SAR value, which is to date the parameter used for the assessment of the hyperthermic efficiency.
Introduction
Nanostructures based on iron oxide have shown to have a remarkable impact on biomedicine owing to good biocompatibility combined with the occurrence of suitable magnetic properties. A relevant advantage of magnetic iron oxide nanostructures is that they offer the potential to act as multifunctional biomedical tools, as they may find application in diagnosis and therapeutics, both in vivo and in vitro [1] [2] [3] [4] . In particular, magnetic fluid hyperthermia is based on cancer treatment through the heat transferred to the surrounding media by magnetic nanoparticles exposed to an alternating (AC) field with suitable amplitude and frequency [5, 6] . The efficiency of the nanostructures to act as heat mediators, and therefore their applicability to hyperthermia cancer treatment is commonly assessed through the specific absorption rate (SAR) which is usually determined by a calorimetric measurement. In particular, the temperature of a sample with a given concentration of nanostructures is recorded over time when exposed to an alternating field, and the SAR value is then calculated from the calorimetric curve corrected for the sample composition and concentration [7] .
However, the assessment of the therapeutic efficiency of the heat mediators as determined by SAR suffers from the lack of a standardized procedure for & 2016 The Author(s) Published by the Royal Society. All rights reserved.
recording the calorimetric measurements. For example, both adiabatic and non-adiabatic set-ups are used; in addition, AC fields commonly used for hyperthermia measurements vary in amplitude and frequency in a broad range (typically from 50 to 700 kHz; and from 4 to 50 kA m
21
) while it is well known that SAR is greatly enhanced by the use of highfrequency and high-amplitude fields [6, [8] [9] [10] . To overcome this latter issue, in vivo studies have provided limit values for the exposure to an external field in terms of field frequency, n, and amplitude, H, (H . n 5 Â 10 8 A m 21 s
), suggesting, therefore, a threshold value for experimental assessment of SAR values of potential hyperthermic tools [11] . However, for a smaller exposed body region it is commonly assumed that this limit can be increased by one order of magnitude [6] . In order to design efficient nanostructures for cancer treatment through hyperthermia, it is therefore important to assess reliable conditions for the determination of the SAR value.
Recently, gold-iron oxide nanoheterostructures have attracted great interest in the field of biomedicine. Indeed, the possibility to combine the properties of magnetic and gold nanoparticles in a single nanostructure makes these composites highly promising tools for the development of combined diagnostic (magnetic resonance imaging, optical imaging, X-ray computed tomography) and therapeutic (magnetic and photothermal hyperthermia) approaches [12] [13] [14] [15] .
In this work, we address the preparation of gold-iron oxide composite nanostructures for the development of heat mediators to be applied in therapeutics through magnetic fluid hyperthermia. Although the investigation of the suitability of the investigated nanostructures for in vivo use is beyond the scope of this work, we expect the iron oxidegold composites to be relatively safe for biomedical use based on the properties of the individual materials. In particular, the magnetic phases of iron oxide (magnetite and maghemite) are approved for in vivo use [1, 7] , and gold is considered as biologically inert [16, 17] , although its toxicity was found to depend on several factors such as size, shape, capping agents or ionic character resulting as a function of the synthesis performed [18] [19] [20] . Evaluation of the in vitro and in vivo toxicity of different iron oxide-gold composites suggests that highly biocompatible heterostructures can be obtained [21, 22] . Here, the nanoheterostructures were prepared by forming gold in situ on top of magnetic iron oxide nanocrystals previously obtained by a co-precipitation procedure.
The obtained samples were characterized through powder X-ray diffraction and transmission electron microscopy (TEM), and the hyperthermic efficiency of the nanoheterostructures, expressed in terms of SAR, was investigated by recording temperature kinetic curves under an alternating magnetic field. Because recent works have pointed out that a reliable assessment of the heating performance of prospective clinically effective nanoparticles requires a reproducible approach to overcome the reported relevant discrepancies between groups [23, 24] , we use the gold-iron oxide nanoparticles also to investigate the effect of experimental conditions on SAR determination. The nanoheterostructures were found to be active as heat mediators, and different heating performances were observed for the goldiron oxide composites when compared with pure iron oxide. In addition, our investigation points out that the determination of SAR values can be significantly influenced by the experimental procedure adopted in the calorimetric measurements. Gold -iron oxide composite preparation. The gold -iron oxide nanostructures were prepared by forming in situ gold on preformed seeds made out of iron oxide ultrasmall (USM) nanoparticles previously obtained by a procedure based on the Massart Fe(II) and Fe(III) co-precipitation route, as depicted in figure 1 [25, 26] rsfs.royalsocietypublishing.org Interface Focus 6: 20160058
Experimental
under inert atmosphere and magnetic stirring. An ammonia solution (25 ml, 1 M) was then added dropwise under stirring, and the mixture was kept under further stirring for 1 h. During the addition of ammonia, the reactant mixture turns black, indicating the formation of the USM nanoparticles. The USM nanoparticles were isolated by repeating three cycles of magnetic separation followed by rinsing with excess of fresh Milli-Q water and used as seeds for the deposition of gold domains.
To prepare the gold-iron oxide composites, we made use of tetrachloroauric acid as a source of gold (III), and of hydroxylamine as seeding agent. Indeed, the addition of hydroxylamine has been demonstrated to be highly effective in promoting the formation of gold shells on a range of nanostructures with different morphologies [15, [27] [28] [29] [30] [31] . While the reduction of tetrachloroauric acid in the presence of hydroxylamine has been proposed [31] , the deposition of the gold shell is best achieved when it is assisted using an organic species acting as a reductant. In this work, we made use of either citrate (CIT) and tiopronin (TP), which have been previously used in the synthesis of noble metal nanostructures, acting as organic reductant as well as surface coating [32] [33] [34] . The use of a seeded-growth approach mediated by hydroxylamine in the occurrence of tiopronin or citrate as reducing and coordinating agents was selected to promote the formation of Au-USM composites exhibiting effective adhesion of the gold domains on top of the iron oxide nanocrystals.
In particular, to obtain the gold-iron oxide composites a suspension of USM nanoparticles (3.5 mg in 3.5 ml of Milli-Q water) was freshly prepared according to the procedure reported above and sonicated. Hydroxylamine (2.1 g, 30 mmol) was added to the dispersion of USM used as seeds and allowed to react under continuous stirring for 30 min. An Au(III) solution (72 ml, 10 mM) was then added dropwise during 1 h under vigorous stirring. Finally, either potassium citrate (15.04 mg, 4.64 Â 10 22 mmol CIT) or tiopronin (1.5 g, 9.2 mmol TP) was rapidly added, and the dispersion was left under vigorous stirring for 1 h. The resulting gold-iron oxide nanostructures were isolated by three cycles of magnetic separation and washed with Milli-Q water, obtaining a brown-reddish magnetic composite that will be hereafter labelled either USM@Au-CIT or USM@Au-TP depending on the reductant used in the final step of the synthesis. As a reference sample, iron oxide nanoparticles coated by tiopronin were prepared by slightly modifying the synthetic protocol for pure USM. In particular, prior to the addition of aqueous ammonia, a solution of tiopronin (6 ml, 1.5 M) was added, leading to USM-TP.
Materials characterization
TEM micrographs in the bright field (bf) and dark field (df) mode together with selected area electron diffraction (saed) were recorded on a JEOL 200CX microscope operating at 200 kV. A drop of the water-based suspension was deposited and dried at room temperature on a carbon-coated copper grid.
X-ray powder diffraction (XRD) patterns were recorded, using Cu-Ka radiation on an X3000 Seifert diffractometer equipped with a graphite monochromator on the diffracted beam. The nanocrystals were deposited on a silicon low-background sample holder after precipitation. Phase identification was performed according to the Powder Diffraction File database [35] . The average crystal size was determined by line profile analysis corrected for instrumental broadening according to the Scherrer equation [36] .
Nanoparticle suspension densities were determined by measuring the mass of the sample after drying 1 ml of each homogeneous suspension at 808C for 2 days.
Inductively coupled plasma-atomic emission spectrometry (ICP-AES Varian Liberty 200) was used to determine the Fe and Au metal concentration in the samples. Sample preparation was achieved by acid digestion (HCl/HNO 3 , 3 : 1 volume ratio) of the nanoparticles at 908C under reflux followed by partial solvent evaporation and dilution in water.
The occurrence of the surface coating was determined by thermogravimetric analysis (TGA) of dry powders in the range 25-8008C under oxygen flow (heating rate ¼ 108C min 21 , flow rate ¼ 50 ml min 21 ), using a Mettler-Toledo TGA/SDTA 851 with sensitivity of 1 mg.
Fourier-transform infrared (FT-IR) spectra were collected, using a single beam Bruker Vector 22 instrument in KBr pellets in the range 400-4000 cm 21 with a spectral resolution of 4 cm 21 .
Hyperthermic measurements
In order to assess the potential of the materials for magnetic fluid hyperthermia, calorimetric measurements were performed in the presence of an alternating magnetic field, using an experimental set-up based on a 6 kW Fives Celes w power supply, a water-cooled induction coil and a series of variable capacitors (420 nF -4.8 mF). The temperature was recorded through an optical fibre thermometer dipped into the sample dispersion. The field parameters used (183 kHz and 12 kA m
21
) were chosen in order to respect the physiological limit (H . f 5 Â 10 9 A m 21 s 21 ) beyond which deleterious responses of living tissues are observed [11] . The SAR, that is the adsorbed power per mass unit, was assessed by recording the temperature kinetics curves as follows: first, the samples were stabilized for at least 30 min at 378C by thermal coupling with an ethylene glycol flow, and then exposed to the AC magnetic field for a total of 5 min. Temperature kinetic curves were collected at least three times for each sample in order to determine the reproducibility of the measurements, and the SAR value was determined according to the following relationship
where i refers to the species involved in the heat exchange, c i is the corresponding specific heat, m i the mass and m metal the total mass of metal. Because measurements are carried out under non-adiabatic conditions, the dT/dt value was extrapolated from the initial slope of the curve. The measurements were carried out on the samples dispersed in water suspension or in agarose gel (0.25 wt.%). The nanoparticle amount was adjusted to achieve an Fe content in the range 0.07-0.2 wt.% for water suspension and in the range 0.05 -0.4 wt.% for the gel dispersions. Sonication of samples in water suspension was performed prior to measurements in order to take into account the role of the dispersion degree on the hyperthermic performance.
Results and discussion
X-ray diffraction of the USM-TP nanoparticles obtained by the co-precipitation approach shows the typical pattern of for the USM@Au-CIT and USM@Au-TP composites, respectively. Owing to both the larger size of the crystalline domains, of the larger amount and higher X-ray scattering ability of gold when compared with iron oxide, the XRD pattern mainly provides evidence of the gold domains, as also observed for composites prepared by other routes [38] . The main reflections of the iron oxide spinel phase, however, are also detectable at around 20 -358. TEM investigation (figure 2) shows that the USM-TP sample is made out of nearly spherical particles with size in the 7-23 nm range and average size 15 nm. The obtained morphology is the one expected for the well-established co-precipitation procedure from ferrous and ferric precursors adopted for the synthesis of the USM nanoparticles [25, 26] . The gold-iron oxide composites exhibit the occurrence of the 15 nm-sized iron oxide USM nanoparticles accompanied by submicrometre flower-like structures. Branched and flower-like morphology has been widely reported both for nanostructured gold, and for gold-iron oxide nanoheterostructures [27, 30, 39] .
Fourier-transform mid-infrared spectroscopy (figure 3) shows the occurrence of representative bands in the region 500-700 cm 21 which can be ascribed to the occurrence of iron oxide; in addition, as shown by comparison with the FT-IR spectra of pure tiopronin and citrate which were recorded as a reference, the USM-TP and the USM@Au-TP samples show the occurrence of tiopronin, whereas the spectrum of the USM@Au-CIT shows the typical reflections of citrate [40] . These data indicate that tiopronin and potassium citrate, which act as reductant and promote the formation of metallic gold on the USM nanoparticles, also act as ligands which are attached to the nanostructure surface. Thermal analysis was performed to support the occurrence of the organic coating on the iron oxide-gold composites and is reported in figure 3 . In particular, the TGA curve of pure tiopronin shows that thermal decomposition is completed below 6008C. TGA of the samples show a weight loss which is completed below approximately 5008C owing to the burning of the organic coating which corresponds to a relative amount rsfs.royalsocietypublishing.org Interface Focus 6: 20160058 oxide domains are intimately connected. Selected area electron diffraction is in agreement with XRD data and shows both the occurrence of the reflections owing to the gold and iron oxide crystalline domains, marked in black and grey, respectively (figure 4). The USM@Au composites were investigated as heat mediators for magnetic hyperthermia and compared with the pure USM-TP nanoparticles. All the samples showed the ability to act as heat mediators for hyperthermia, the highest SAR value being observed for USM-TP (approx. 89 W g 21 Fe)
followed by USM@Au-CIT (approx. 41 [41] . High reproducibility of the kinetic curves was obtained by sonicating the water dispersions prior to each calorimetric measurement. At the conclusion of a single run, the formation of some sediment was observed, which did not form on the isolated suspension, pointing out that exposure to the alternating field has a detrimental effect on the stability of the dispersion. For example, the USM-TP dispersion when isolated does not show any tendency to sediment and the suspensions were found to be stable for months on the bench, whereas after collection of the hyperthermic curves the precipitation of some nanoparticles-although very limited-was observed.
To avoid aggregation and/or reorientation of the nanostructures and therefore to consider only the effect of their intrinsic properties, the hyperthermic measurements were collected under the same experimental conditions after dispersing the particles in agarose gel (figure 5b). It is interesting to note that when the measurements are performed in gel the obtained SAR (summarized in To separate the possible effect of the instrumental conditions from the intrinsic features of the nanostructures on the assessment of the hyperthermic behaviour, a series of experiments were performed, including varying the position of the temperature probe within the sample and the geometry of the sample holder, exposing the sample to the alternating field for longer time, and performing the kinetic curves collection after sonicating the sample or leaving the sample at rest. Figure 6 compares the first curve obtained on the samples dispersed in water with the curve obtained by collecting the temperature kinetic curve without performing any sonication on the sample prior to repeated runs. While for USM@Au-CIT the temperature curves are similar to those collected on sonicated samples, for USM-TP and USM@Au-TP, the second run shows a higher initial slope when compared with the first run collected on the well-dispersed sample. As a consequence, higher SAR values are obtained from repeated runs, even if the temperature increase is almost identical: an increase in SAR from approximately 89 to approximately 300 W g 21 Fe and from approximately 23 to approximately 48 W g 21 Fe was observed for the USM-TP and USM@Au-TP samples, respectively. Such behaviour can be ascribed to the occurrence of aggregation effects among nanoparticles induced by alternating magnetic field. Indeed, during the exposure, the nanoparticles may orient along the field force lines, leading to the formation of particular geometries with enhanced hyperthermic efficiency owing to the onset of interparticle interactions. In this framework, the second measurements are performed on a sample with a different dispersion degree with respect to the first measurement, obtaining thus a different kinetic curve. A relevant consequence of this effect is that a highly overestimated SAR value may be obtained if the determination is performed as an average among repeated runs without taking into account the effect of field exposure on the nanoparticle suspension. As a support to our findings, the effects of the experimental conditions on the determination of the SAR value were further investigated on the USM-TP sample. First, temperature kinetic curves were recorded positioning the temperature probe at middle height or at the bottom of the sample holders with different shape (flat-shaped and cone-shaped bottom sample holders). The position of the temperature probe was found to have no significant effect on the initial slope of the kinetic curve for both sample holders, as shown in figure 7a,b. However, an abrupt increase in the kinetic curve was observed after about 230 s of exposure to the alternating magnetic field for the temperature probe positioned at the bottom of the cone-shaped sample holder, accompanied by a discontinuity in the temperature profile of the probe positioned at the middle (figure 7b). Such peculiar behaviour, which was not observed in the case of the flat-shaped sample holder (figure 7a), supports the hypothesis of aggregation phenomena related to the exposure to the alternating magnetic field, and the peculiar conic shape of the bottom of the sample holder seems to critically accentuate the formation of a gradient of concentration within the vial: after a given time, the aggregates of nanoparticles formed during the exposure to the alternating magnetic field tend to sediment and concentrate easily at the bottom of the vial, leading to a strong increase in the dissipated power. The role of the sample holder shape in influencing the kinetic curve was confirmed by measurements performed on a flatshaped sample holder with longer exposure time (20 min), for which no alterations in the shape of the kinetic curve were observed (figure 7c).
On the basis of these findings, the significant reduction of SAR values observed when the samples are dispersed in agarose gel can be then ascribed to the peculiar behaviour of the nanostructures when exposed to the alternating magnetic field. Indeed, the dispersion in agarose gel is expected to strongly inhibit the physical mobility of the nanostructures and their tendency to orient themselves when exposed to the field, leading consequently to a lower hyperthermic efficiency with respect to those observed in water solution. Moreover, the reduction of SAR was found to be more pronounced for samples stabilized with tiopronin (USM-TP and USM@Au-TP), suggesting that in solution the citrate coating is more effective with respect to tiopronin in stabilizing the nanostructures and reduces their orientation during the exposure to alternating magnetic field.
Conclusion
Nanocrystalline particles, based on USM iron oxide magnetic nanoparticles and gold -iron oxide composites, have been investigated as prospective heat mediators for magnetic fluid hyperthermia. Gold polycrystalline domains with flower-like morphology have been formed on preformed nearly spherical USM iron oxide nanocrystals with average size around 15 nm by in situ reduction of tetrachloroauric acid with either citrate or tiopronin. XRD and chemical analysis confirm the presence of both magnetic and gold domains in the composite nanostructures, and the occurrence of citrate or tiopronin on the nanostructure surface of USM@Au-CIT and USM@Au-TP composites, respectively. The kind of reductant and surface ligand was found to affect both the effectiveness of the gold deposition (being the experimental relative Au : Fe mass 12 and 4 for the USM@Au-CIT and USM@Au-TP composites, respectively), as well as the nanostructures' dispersibility in water (which was found to be higher for the USM@Au-CIT at neutral pH).
The gold -iron oxide composite nanostructures have been tested as heat mediators for magnetic fluid hyperthermia and compared with the initial pure USM-TP. Temperature kinetic rsfs.royalsocietypublishing.org Interface Focus 6: 20160058 curves upon exposure to an AC field were performed to determine the SAR value, which is widely accepted as an indicator of the heating ability of the materials. The dose and time of sample exposure to the AC field were selected in such a way to be well below the safe thresholds suggested for clinical applications of magnetic hyperthermia. Although very mild conditions were used, well below the safety threshold for clinical application, all the samples showed to be effective as heat mediators, with a rapid increase in temperature under the exposure to alternating magnetic field. The temperature kinetic profiles, and the resulting SAR values, point out that the hyperthermic properties of the nanostructures suspended in a dispersant (water in our case) are modified by the exposure to the AC field during temperature kinetic curves collection. Such effect, which we were able to point out by investigating the different experimental conditions, may lead to unrealistic SAR values and to differences in the heating performance related to the suspension stability under alternating magnetic field.
We consider then as the most reliable measurements for the assessment of the hyperthermic efficiency of the investigated nanoheterostructures those obtained by dispersing the nanoparticles in agarose gel. In particular, the SAR value is highest for the USM@Au-CIT composite (approx. 21 W g 21 ) which has the highest Au : Fe content, followed by the pure iron oxide USM-TP (approx. 13 W g
21
) and by the USM@Au-TP composite (approx. 3 W g
) which has an Au : Fe content of 4. The SAR values measured for the samples dispersed in gel are significantly lower (up to eight times) for all samples with respect to the measurements performed in water dispersion, which also exhibit a different order of increasing SAR values. We suggest that such different hyperthermic behaviour could be owing to the inhibition of the nanostructures mobility and orientation under alternating magnetic field.
Our study shows, on the one hand, that the fabrication of composite nanostructures may be a valuable strategy for varying the properties of pure magnetic nanocrystals, and on the other hand, that the assessment of the heat mediator properties for prospective therapeutic use in magnetic fluid hyperthermia requires particular care in order to take into account all potential artefacts which may compromise a reliable assessment of the hyperthermic behaviour. Indeed, together with providing doubtful SAR estimates, inappropriate experimental procedures may lead to draw the wrong conclusion when comparing materials owing to the effect of their specific response to the adopted experimental conditions and set-up.
